Introduction
Both hemodynamic and nonhemodynamic pathogenic pathways contribute to the development of glomerulosclerosis in diabetes mellitus. The hemodynamic mechanisms involve changes in arteriolar function that ultimately engender glomerular hyperfiltration early during the course of both type 1 diabetes (T1D) and type 2 diabetes (T2D). Although there is some current debate regarding the precise extent to which early hyperfiltration per se represents a risk factor for development of diabetic nephropathy [1 ,2 ] , an understanding of the mechanisms through which renal vascular function is impaired during the early stage of diabetes mellitus represents a key goal of research in the field.
Potential humoral mechanisms of diabetic hyperfiltration
More than 25 years ago, micropuncture studies first provided evidence that diabetes mellitus exerts a complex influence on renal arteriolar resistance and glomerular dynamics. In rats with streptozotocin-induced T1D that were allowed to develop severe hyperglycemia (no insulin replacement), glomerular filtration rate (GFR) was lower than normal [3] . Increased afferent and efferent arteriolar resistance, with no changes in the glomerular ultrafiltration coefficient (K f ) or the hydrostatic pressure gradient across the glomerular capillary wall (DP), implicated decreased glomerular plasma flow as the main factor underlying reduced GFR in these severely hyperglycemic rats. If provided with partial insulin replacement sufficient to maintain moderate hyperglycemia, the diabetic rats exhibited an increased GFR that was evident at the whole kidney and single nephron levels. These animals exhibited reduced preglomerular vascular resistance, with no significant changes in efferent arteriolar resistance or K f ; hence, the hyperfiltration in moderately hyperglycemic rats could be attributed to elevations in both glomerular plasma flow and DP. For reasons not yet fully evident, this precise hemodynamic scenario of diabetic hyperfiltration is not always observed [4], as some studies suggest that increased GFR during diabetes mellitus can arise with little or no change in renal plasma flow [5] or with normal DP values [6] . However, most reports indicate that hyperfiltration in diabetes mellitus occurs in concert with increased renal plasma flow and increased filtration fraction. These observations suggest that effects of diabetes mellitus on afferent arteriolar resistance represent a prominent vascular determinant of GFR in animals with moderate versus severe hyperglycemia. Indeed, data from our laboratory confirmed that afferent arteriolar lumen diameter is increased in diabetic rats with moderate hyperglycemia, but normal or decreased if the animals are allowed to develop severe hyperglycemia [7] . Differences in volume status could not explain the surprising disparity in glomerular dynamics unveiled by micropuncture study of moderately and severely hyperglycemic animals [3], as both groups of animals were found to have equivalent plasma volumes (relative to body weight) that were elevated compared with normal rats. Therefore, the preglomerular dilation associated with diabetic hyperfiltration has often been postulated to reflect altered humoral influences on the vasculature. However, despite intensive investigation, no single vasoactive factor has been shown to fully account for diabetic hyperfiltration.
In the past decade, there has been growing acceptance of the assertion that nitric oxide drives hyperfiltration early during T1D, and that subsequent glomerular damage arises at least in part as the result of progressively developing nitric oxide deficiency. However, studies suggesting that nitric oxide drives renal vasodilation and hyperfiltration during diabetes [8] [9] [10] are difficult to reconcile with studies revealing reduced renal nitric oxide bioavailability [11, 12] , resulting in a diminished impact of endogenous nitric oxide on the renal microvasculature even during the first few weeks of streptozotocin-induced T1D [13] [14] [15] [16] . This controversial topic is beyond the scope of this short report and has been reviewed elsewhere several times over the past few years; however, interesting new insights have emerged recently regarding other humoral mechanisms that may contribute to altered renal hemodynamics during diabetes mellitus.
Accumulating evidence implicates a reduction in the proinsulin connecting peptide, C-peptide, in several complications of T1D. C-peptide is a 31-residue cleavage product of insulin synthesis and is secreted from pancreatic b-cells together with insulin. Accordingly, impaired insulin release in T1D is associated with similarly suppressed C-peptide release. Once thought to be biologically inert, C-peptide is now recognized to exert renoprotective effects in patients and animals with T1D [17]. C-peptide administration attenuates hyperfiltration, albuminuria and hypertrophy in diabetes mellitus, presumably through effects on the Na þ /K þ -ATPase [18] , but the precise mechanism has remained speculative. In fact, it might at first seem intuitive to suggest that the well documented ability of C-peptide to stimulate Na þ /K þ -ATPase activity in the thick ascending limb could alter glomerular function via a tubuloglomerular feedback (TGF)-dependent mechanism; however, such an effect of exogenous C-peptide would actually reduce solute delivery to the macula densa and exacerbate diabetic hyperfiltration. A recent study from Nordquist et al. [19 ] revealed that C-peptide exerts a direct constrictor influence on isolated perfused afferent arterioles from mice with alloxan-induced T1D, while exerting minimal effect on afferent arterioles from nondiabetic mice. This observation not only raises the possibility that C-peptide administration might represent a useful therapeutic approach to minimize glomerular damage during T1D, but it also suggests that reduced endogenous C-peptide levels may contribute to the afferent arteriolar dilation associated with diabetic hyperfiltration. Moreover, as C-peptide is a vasodilator in most vascular beds [20] , its vasoconstrictor impact on the afferent arteriole during T1D underscores the likelihood that novel mechanisms control afferent arteriolar function under these conditions. New evidence is also expanding our appreciation of the role of arachidonic acid metabolites in the renal vascular dysfunction accompanying diabetes mellitus. Altered arachidonic acid metabolism has long been linked to diabetic hyperfiltration based on the effects of nonsteroidal antiinflammatory drugs, but evidence suggesting specific involvement of cyclooxygenase (COX)-2 in these events has only emerged in recent years. Key observations by Komers et al. [5] established that renal cortical COX-2 expression was increased in rats with streptozotocininduced T1D, and that COX-2 inhibition reversed hyperfiltration in the diabetic rats without altering GFR in normal rats. Subsequent studies [21, 22] have confirmed these observations and implicated peroxynitrite as a contributory stimulus for upregulation of COX-2 in diabetes. In the past few months, the effect of COX-2 inhibition on renal function has been examined in normotensive, normoalbuminuric adolescents and young adults with uncomplicated T1D. In individuals exhibiting hyperfiltration, COX-2 inhibition partially blunted the hyperfiltration, whereas patients with normal GFR exhibited an increase in GFR under these conditions [23] . These observations attest to the complexity of COX-2-dependent influences on glomerular function in patients with T1D. Interestingly, the renal hemodynamic response to COX-2 inhibition is sexspecific, such that the dependence on vasodilator prostaglandins in T1D is greater in women than in men [24 ] . This observation is consistent with accumulating evidence that sex hormones may contribute to the pathogenesis of diabetic nephropathy [25] through renal vascular events that occur early during the course of diabetes mellitus.
Direct effects of diabetes on preglomerular microvascular function
Data from our laboratory support the contention that primary changes in preglomerular microvascular smooth muscle function may underlie afferent arteriolar dilation during the hyperfiltration state of diabetes mellitus. Pharmacological blockade of ATP-sensitive K þ channels (K ATP channels) contracts afferent arterioles from rats with streptozotocin-induced diabetes mellitus while having minimal impact on afferent arterioles from normal rats [26] . This observation suggests that open K ATP channels contribute to tonic afferent arteriolar dilation during diabetes mellitus. More recently, we utilized a similar pharmacological approach to survey the role of other K þ channels in setting afferent arteriolar tone in normal and diabetic rat kidney [27 ] . Our experiments revealed afferent arteriolar constrictor responses to blockade of voltage-gated K þ channels (K V ), inward rectifier K þ channels (K IR ; likely Kir2.1) and large-conductance Ca 2þ -activated K þ channels (BK Ca ), indicating the tonic dilator influences of these channels on the normal afferent arteriole. Blockers of small-conductance Ca 2þ -activated K þ channels (SK Ca ) and renal outer medullary K þ channels (ROMK; Kir1.1) had no discernible impact on afferent arteriolar tone in normal rat kidney. Streptozotocin-induced T1D altered the relative contributions of specific K þ channels to afferent arteriolar tone, such that there was an increased tonic dilator impact of K IR channels and the emergence of a tonic impact of ROMK channels. To our knowledge, this is the first evidence that ROMK channels (expressed in the thick ascending limb and distal nephron) also influence renal vascular function, a phenomenon that was evident in kidneys from diabetic rats regardless of solute delivery to the macula densa (i.e. both before and after acute surgical papillectomy). Importantly, exposure to blockers of K ATP , K IR or ROMK channels reversed the afferent arteriolar dilation characteristic of this streptozotocin-induced model of T1D in the rat. This observation suggests that K þ channel activation is critical for sustaining tonic afferent arteriolar dilation during the hyperfiltration stage of diabetes mellitus in the rat (3-4 weeks after onset), although a possible role for this phenomenon in initiating the hyperfiltration has not been investigated. These K þ channels likely contribute to afferent arteriolar dilation in diabetes mellitus by promoting vascular smooth muscle membrane hyperpolarization, thereby reducing Ca 2þ influx through voltage-gated channels and, ultimately, decreasing intracellular [Ca 2þ ]. This situation is probably exacerbated by suppressed afferent arteriolar Ca 2þ influx responsiveness to membrane potential in kidneys from diabetic rats [28] .
The mechanisms underlying changes in K þ and Ca 2þ channel regulation of afferent arteriolar tone in diabetes mellitus remain speculative. Exposure of isolated afferent arterioles from diabetic rats to a normoglycemic environment restores intracellular [Ca 2þ ] responses to depolarization within a few minutes [28] , suggesting that the hyperglycemic milieu per se impairs voltage-gated Ca 2þ channel function in preglomerular vascular smooth muscle during T1D. Preliminary evidence suggests that oxidative stress may play a role in the exaggerated tonic afferent arteriolar dilator impact of K þ channels during T1D [29] . It is also easy to envision a scenario in which altered K þ channel influences on afferent arteriolar tone represent the means through which a yet to be identified stimulus achieves preglomerular dilation during diabetes mellitus. Moreover, it is even possible that these changes in ion channel function arise in the preglomerular vasculature secondary to the hyperfiltration state, a scenario that would undoubtedly exacerbate the situation by allowing increased renal blood flow and transmission of systemic arterial pressure to the glomerular capillary network. Regardless of the underlying cause, impaired electromechanical coupling in afferent arteriolar smooth muscle should impair vasoactive responses to multiple humoral agents as well as the myogenic response, TGF and, ultimately, autoregulation of renal blood flow and GFR. Indeed, diabetes has been alleged to have all of these effects on renal vascular function, although recent evidence does not necessarily support the previously widely accepted dogma in this regard.
Effects of diabetes on renal autoregulation
Glomerular hyperfiltration and/or glomerular capillary hypertension are generally envisioned to play a role in the pathogenesis of diabetic glomerulosclerosis. These deleterious events should be exacerbated by even modest elevations in systemic arterial pressure that are transmitted to the glomerulus through the vasodilated preglomerular microvasculature. Even transient spontaneous reductions in systemic arterial pressure seem to impede glomerular damage in diabetes mellitus [30] . Indeed, the beneficial impact of lowering blood pressure as a means of reducing glomerular hemodynamic and structural changes in rodents during diabetes mellitus has led to the widespread clinical utilization of antihypertensive therapy as a means of slowing the progression of diabetic nephropathy. Situations characterized by systemic arterial pressure changes being transmitted to the glomerulus imply an impairment of renal autoregulatory capability. Diabetes mellitus impairs both components of renal autoregulation, that is, the myogenic response [31, 32] and the TGF response [33] . Thus, it is not surprising to find multiple studies [34-36,37 ,38] suggesting that renal autoregulation is impaired in T1D. Recently, however, Lau et al. [39 ] utilized both steady-state pressure ramps and assessment of renal blood flow dynamics in a meticulous investigation of renal autoregulation in rats with streptozotocin-induced T1D. Surprisingly, these studies revealed that rats with T1D have significantly augmented renal blood flow autoregulatory capability at low perfusion pressures, compared with nondiabetic rats, confirming two previous studies [40, 41] that have heretofore
The renal vascular response to diabetes Carmines 87 largely been ignored by most investigators. Some [42 ,43] , but not all [35] , studies have detected normal renal autoregulatory capability in T2D. Thus, there currently exists no consensus regarding the autoregulatory capability of the renal microvasculature during the early stage of diabetes mellitus. The complexity of the situation may reflect, at least in part, the gradual impairment of GFR autoregulation with increasing duration of T1D in both rodents and humans [38, 44] . Differences in the pathogenic processes arising in various rodent models, as well as the salt-sensitivity of mechanisms controlling blood pressure and renal vascular function, may also contribute to the confounding array of data regarding the impact of diabetes mellitus on renal autoregulatory function.
The tubulo-centric hypothesis of diabetic hyperfiltration
In recent years, an intriguing 'tubulo-centric' hypothesis of diabetic hyperfiltration has emerged [45, 46] . This scenario has a strong basis in our understanding of normal renal function and control theory, and positions a primary change in proximal tubular reabsorption as the trigger of a sequence of events that ultimately alter glomerular function: high glucose levels in the glomerular ultrafiltrate stimulate Na þ -glucose transport by the proximal tubule, thereby reducing solute delivery to the macula densa and provoking a TGF-dependent afferent arteriolar dilation and increased GFR (which tends to restore solute delivery to the distal nephron). Although a number of experimental observations from rodent models of T1D (and, more recently, T2D [47] ) are consistent with this postulate, cause and effect have been difficult to establish. Adenosine-1A receptor knockout mice (A1AR À/À mice, which lack a functioning TGF mechanism) have recently been exploited as a tool for evaluating the validity of the tubulo-centric hypothesis. If hyperfiltration arises by TGF-dependent afferent arteriolar dilation secondary to changes in proximal tubule reabsorption, diabetic hyperfiltration should not arise in these animals lacking a functional TGF mechanism. However, Sällström et al. [48] found that alloxan-treated A1AR À/À develop hyperfiltration, with GFR values similar to those found in wildtype mice with alloxan-induced T1D. These observations seem to refute the contention that TGF plays a major role in the development of diabetic hyperfiltration. Faulhaber-Walter et al. [49 ] used a genetic model of T1D in their studies comparing wild-type mice, Akita mice that develop T1D due to a mutated insulin 2 gene (Ins2 þ/À ) and Akita mice with A1AR deficiency (Ins2 þ/À / A1AR À/À ). Their data confirmed hyperfiltration in Akita mice compared with wild-type (nondiabetic) mice. Moreover, diabetic hyperfiltration was not absent, but in fact was augmented, in Akita mice lacking A1AR. These investigators also documented reduced TGF responsive-ness in the Akita mice and confirmed that the doublemutant mice lack TGF-dependent control of stop flow pressure or early proximal flow rate (indices of glomerular hydrostatic pressure and single-nephron GFR, respectively). The inevitable conclusion drawn from these studies is that TGF is not required for development of diabetic hyperfiltration and, moreover, that TGF might actually limit the degree of diabetic hyperfiltration in some models of T1D. In contrast, Vallon et al. [50 ] found no evidence of hyperfiltration in A1AR À/À mice with streptozotocin-induced diabetes, an observation consistent with the tubulo-centric hypothesis. These investigators argue that the diabetes model and severity of hyperglycemia may be essential determinants of the role of A1ARs and TGF in the regulation of glomerular filtration during T1D. The conflicting evidence regarding the impact of diabetes on glomerular function in A1AR À/À mice lacking TGF may also reflect the potentially confounding influence of A1AR À/À on a variety of other renal processes (proximal reabsorption, renin release and so on). Thus, despite the initial anticipation that studies employing A1AR À/À mice lacking TGF would prove enlightening with regard to the tubulocentric theory of diabetic hyperfiltration, the validity of this hypothesis remains uncertain and represents an important issue demanding extensive further investigation.
Conclusion
Despite ongoing investigations aimed at delineating the mechanisms underlying preglomerular vasodilation and the resulting glomerular hyperfiltration during diabetes mellitus, no consensus has been reached. Diabetic hyperglycemia probably exerts an array of direct and indirect influences on the preglomerular microvasculature. Intrinsic, intrarenal processes such as the myogenic and TGF responses, alterations in regulation of membrane potential and Ca 2þ signaling events in preglomerular vascular smooth muscle and interactions between tubular transport and vascular function undoubtedly all exert interactive influences on the renal vasculature under these conditions. These events are probably modulated by generation of proinflammatory compounds and cytokines, although little is known about the renal vascular influence of these substances during the early stage of diabetes mellitus. Clearly, the field is ripe for continued focused investigation that attempts to overlook accepted dogma in order to unveil the complex sequelae through which diabetes mellitus impairs renal vascular function to engender hyperfiltration and, ultimately, diabetic nephropathy. 
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